ABSTRACT Decades of divergent selection for 4-wk BW has produced 3 lines of growth-selected Japanese quail. P line quail have been selected for >110 generations for 4-wk posthatch BW and are nearly 3-fold larger than the randomly bred control C line. The H line has been selected for high 4-wk BW for 52 generations and the L line has been selected for low 4-wk BW for 54 generations. To identify differentially expressed genes that may play a role in defining the differences in these lines, a DNA array containing 4,704 random anonymous cDNA clones from 8-d C line embryos was screened using isotopicallylabeled cDNA from the different quail lines. Array analysis yielded 3 differentially expressed cDNA clones that
INTRODUCTION
Japanese quail (Coturnix japonica) lines have been divergently selected for high and low BW at 4 wk posthatch (Anthony et al., 1996; Marks, 1996) . A major advantage of these lines over other growth-selected poultry is the randombred C line that provides a genetic control for comparison. The P line has been selected for high 4-wk BW for >110 generations. Currently, P line birds are nearly 3-fold larger (251 g) than the C line birds (88 g) at 4 wk of age. Two other lines, L and H, were later selected for low (54 generations) and high (52 generations) 4-wk BW, respectively. The L line individuals average less than 40 g, and H line birds average more than 190 g at 4 wk of age.
The dramatic increase in P line BW is primarily pleiotropic, resulting in increased size and mass of all body organs except for brain. At 9 wk of age, the major differ- The nucleotide sequence data reported in this paper have been submitted to the NCBI nucleotide sequence database (http:// www.ncbi.nlm.nih.gov/BankIt/) and have been assigned Accession Numbers AY353854 (EB1), , and AY353855 (D10-15). To whom correspondence should be addressed: ivarie@uga.edu.
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were confirmed by Northern blot analysis. The 35-kD quail EB1 protein, previously unidentified, was shown to have elevated transcripts in the L line and decreased transcripts in the H and P lines, compared with the C line. It was also widely expressed in embryonic and adult tissues by BLASTN analysis of chicken expressed sequence tag (EST) libraries. Two other cDNA clones are novel sequences expressed at higher levels in the L line and at lower levels in the H and P lines, one of which was more selectively expressed in embryos and adult tissues by BLASTN analysis. These limited findings suggest that anonymous cDNA array analysis is a productive means to identify differentially expressed genes in growth-selected poultry.
ences in these lines were in the relative percentages of the pectoralis muscle (24 vs. 19%), head (2.8 vs. 3.4%), and brain (0.18 vs. 0.39%) for P and C lines, respectively (Ricklefs and Marks, 1985) . Muscle comprises 40% of birth weight in vertebrates. The increase in muscle mass in these lines is largely from myofiber hyperplasia and, to a lesser extent, myofiber hypertrophy (Burke and Henry, 1999) . Anatomical responses to selection under varying diets (Ricklefs and Marks, 1985) , the relationships between egg weight, hatch weight, and growth rates (Marks, 1975) , survival rates (Aggrey, 2002) , and the satellite cell content of semimembranous muscles (Campion et al., 1982) of the different lines have all been documented. Surprisingly, expression of myostatin, a negative regulator of muscle mass, is not altered in these lines of quail (Mott and Ivarie, 2002) . To date, no specific genetic factors have been identified that can account for the increased or decreased growth rates in these lines of quail, including any that explain the increased muscle mass.
DNA macro-and microarrays have been used to assess differences in gene expression in many organisms and under different experimental conditions. In yeast, DNA Abbreviation key: C = control line of randombred quail; EST = expressed sequence tags; H = quail line selected for 52 generations for high 4-wk BW; L = quail line selected for 54 generations for low 4-wk BW; P = quail line selected over >110 generations for high 4-wk BW.
arrays have been used to assess general differences between strains (Shalon et al., 1996) , to identify expression changes after temperature shock (Lashkari et al., 1997) , and to evaluate responses to growth on different carbon sources (Lashkari et al., 1997) . Gene arrays were used to compare expression profiles between activated and resting murine T cells (Teague et al., 1999) and to characterize expression patterns of signaling pathways (Fambrough et al., 1999; Madhani et al., 1999) . They have been used to identify genes involved in human disease states such as inflammatory disease (Heller et al., 1997) , and cancer (DeRisa et al., 1996; Trent et al., 1997) , and in hematopoietic differentiation (Tamayo et al., 1999) . In poultry, arrays have been used to identify host genes in chicken fibroblasts induced by infection with oncogenic Marek's disease virus (Morgan et al., 2001) as well as candidate genes underlying Marek's disease virus-resistance in resistant and susceptible chicken lines (Liu et al., 2001) .
To identify genes that are differentially expressed in these growth-selected lines of quail, we have performed a preliminary screen of arrayed cDNA. A DNA array containing 4,704 random unidentified clones from a C line quail whole embryo cDNA library was screened with isotopically-labeled cDNA from P and C lines. Subsequent Northern blot analysis was performed on all 4 lines to confirm the results of 2 of the most profoundly differentially expressed cDNA clones on the array, a homolog of EB1 and a novel sequence.
MATERIALS AND METHODS

RNA and Sample Preparation
Eggs from lines L, C, H, and P quail (Coturnix japonica) were obtained from the Southern Regional Poultry Genetics Laboratory at the University of Georgia. Eggs were incubated at 37.5°C and 55% humidity with rocking through 60°for indicated times. Tissues from 3 embryos for each sampling were pooled, snap-frozen in liquid nitrogen, ground to fine powder, and stored in liquid nitrogen until use. Total RNA was extracted from samples using RNA STAT-60 4 according to the manufacturer's protocol. RNA concentrations were measured by absorption at an optical density of 260 nm in a Spectronic Genesys 2 spectrophotometer, 5 and were stored at −80°C until used. Isolation of mRNA was carried out using MACS mRNA Isolation Kit 6 according to the manufacturer's protocol. 4 Tel-Test, Inc., Friendswood, TX. 
cDNA Library Construction
Control quail eggs were incubated for 8 d, after which total RNA was extracted from whole embryos. Synthesis of cDNA from total RNA (1 µg) was carried out according to the LD-PCR protocol in the Smart cDNA Library Construction Kit.
7 Size-selected cDNA (0.1 to 4.0 kb) was ligated into λ TriplEx2 phage and packaged using Gigapack Packaging Extracts 8 according to the manufacturer's protocol. The cDNA library contained 1.9 × 10 6 recombinants and was amplified according to the manufacturer's protocol, 7 and stored at −70°or 4°C until used.
cDNA Arrays
Phage from the 8-d C line embryo λ library were converted to plasmids in E. coli BM25.8 cells 7 according to the manufacturer's protocol, then plated on LB plates containing carbenicillin, and grown overnight at 37°C. Colonies (4,704) were robotically picked to 49 96-well plates in duplicate containing 180 µL of freezing medium (LB supplemented with 36 mM K 2 HPO 4 , 13.2 mM KH 2 PO 4 , 1.7 mM sodium citrate, 0.4 mM MgSO 4 , 6.8 mM (NH 4 ) 2 SO 4 , and 4.4% glycerol) and grown overnight without shaking at 37°C. They were robotically arrayed with a BioRobotics BioPick 9 in a 7 × 7 pattern on Hybond-XL nylon membranes, 10 overlaid on LB agar containing ampicillin, and grown for 8 h at 37°C. After incubation, membranes were stored at 4°C. The membranes were treated for 5 min on heavy chromatography paper 11 saturated with denaturation solution (1.5 M NaCl, 0.5 N NaOH, and 10% SDS), and then rinsed for 5 min each in neutralization solution (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.4), and 2× saline sodium citrate. Membranes were then air-dried and baked at 80°C for 2 h. Before prehybridization, membranes were washed (2× saline sodium citrate, 0.1% SDS) overnight with gentle agitation, and the cell debris was wiped off.
cDNA Probe Synthesis and Array Hybridization
Filters were incubated in prehybridization buffer (0.5 M sodium phosphate, pH 7.2, 7% SDS, 1 mM EDTA, and 1% BSA) overnight at 65°C. Labeled cDNA probes were prepared using the Strip-EZ RT kit 12 according to the manufacturer's protocol. Briefly, individual cDNA synthesis reactions from P and C line mRNA (250 ng) from 14-d embryos were primed with random decamers and incubated with 20 µCi of [α-32 P]-dATP 10 at 37°C for 90 min. Reactions were stopped by addition of 10× stop buffer (2 M NaOH, 2 mM EDTA), and a fraction of each reaction was precipitated with trichloroacetic acid to quantitate labeled cDNA probes. Each probe (1.0 × 10 6 cpm/mL in prehybridization buffer) was hybridized to membranes at 65°C overnight in Autoblot glass tubes in a hybridization oven.
13
Membranes were washed twice with wash buffer (0.25× saline-sodium phosphate-EDTA, 0.25% SDS) at 65°C for 30 min, and once with 2× saline sodium citrate at room temperature before being exposed to Kodak imaging film 14 or a phosphorimager for 24 to 48 h.
DNA Sequencing
Plasmids containing cDNA were prepared for sequencing using Qiagen Plasmid Maxi or Mini Kits.
15 Cycle sequencing was done using 1/8 dilutions of BigDye Terminator 10 v3.1 with the following program in a Genamp 9600 thermal cycler: 96°C for 1 min, 25 cycles at 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. Purified reactions were analyzed on an ABI/PE 3700 sequencer.
Northern Blot Analysis
Digoxigenin (DIG)-labeled probes were synthesized from BamH1-linearized plasmids using T7 RNA polymerase or by PCR according to the manufacturer's protocol. 16 RNA samples were electrophoresed on 1% agarose / 2% formaldehyde gels and transferred to nylon membranes. Hybridization and digoxigenin luminescent detection were carried out according to the manufacturer's protocol. Both the original RNA used for the cDNA library array and a freshly extracted RNA preparation were used to avoid preparation-specific artifacts in the Northern blots.
Quantitative analysis of transcripts was determined by densitometry. Bands (n = 3) representing cDNA were scanned and normalized to background on the autoradiograph. Student's t-test was used to compare band intensities between the lines of quail.
RESULTS AND DISCUSSION
To identify cDNA clones that are differentially expressed in the growth-selected lines of Japanese quail (Coturnix japonica), arrayed cDNA clones were screened with 32 Plabeled cDNA synthesized from either P or C line whole embryo RNA. The results are shown in Figure 1 . Three differentially expressed cDNA clones (C2-08, F3-15, and D10-15) were identified ( Figure 1B) , all of which were down-regulated in the P line quail. The selected cDNA clones were retrieved from the library for sequencing and further characterized via Northern blots to confirm differential expression.
Quail EB1 Is Differentially Expressed in Growth-Selected Quail Embryos
As shown in Figure 2A , Northern analysis identified C2-08 as a 2,300 nucleotide transcript expressed at significantly higher levels in L line, and at the lowest levels in H and P lines, compared with control C line. As an internal control for Northern analysis, expression of myostatin (MSTN) and do not differ among the lines (Mott and Ivarie, 2002) . The cDNA clone was sequenced to produce a 1,038 base sequence containing a 789 nucleotide open reading frame (nucleotides 106 to 894) coding for a 263 amino acid protein having 87% identity to the human/mouse APC-binding protein, EB1. Given the size (2.3 kb) of the quail transcript, our cDNA clone is lacking most of the long 3′ untranslated region found in the human EB1 mRNA. Human EB1 is a 35-kDa, mildly acidic leucine zipper protein first discovered in a yeast 2-hybrid screen as an interactor with the human adenomatous polyposis coli (APC) tumor suppressor protein (Su et al., 1995) . Analysis by BLASTN searches of chicken EST databases indicates that the avian EB1 gene is probably ubiquitously expressed throughout the chicken embryo and in many adult tissues. Of 72 hits, 46 occurred in whole embryos at various stages as well as in embryonic trunk, brain, head, heart, and limbs; of the remaining hits, 26 occurred in adult heart, liver, muscle, ovary, brain, chondrocytes, small intestine, and kidney/adrenal gland.
Two Novel cDNAs Differentially Expressed in High and Low BW Quail
As shown for EB1, Northern analysis of the F3-15 clone revealed a transcript of 1.8 kb ( Figure 2B ) that was expressed at highest levels in the L line, and at lower levels in the H and P lines, compared with the control C line.
One of several open reading frames in this cDNA can encode a 108 amino acid peptide with no conserved domains but with 82% identity to annotated mouse and human protein sequences (accession numbers XM 351675.1 and AK013986, respectively). When blasted against chicken EST databases (BLASTN), F3-15 EST were found only in adult brain (2 hits) and small intestine (4 hits), as well as in stage 36 limbs (1 hit) and stage 20-21 whole chick embryo (2 hits). In contrast to C2-08/EB1, this gene may be more selectively expressed in the embryo and the adult. Annotation of a contig hit (UD.EU.final.Contig20103) in the University of Delaware EST database suggests that the predicted protein is a target of phosphorylation by protein kinase C. D10-15 was differentially expressed between P and C quail ( Figure 1B ) with the lower expression levels detected in the P line. In 3 attempts, no D10-15 transcript was detectable in Northern blots. D10-15 mRNA codes for a predicted 133 amino acid peptide that contains 5 VGQ repeats with 38% identity to Plasmodium falciparum phosphatidylcholinesterol acyltransferase precursor protein. BLASTN analysis revealed no hits in any chicken EST database. It is not possible to speculate as to how these 2 cDNA clones might contribute to differences in BW in these quail lines until the proteins and their functions are identified and characterized in model organisms.
Role of EB1 in BW Phenotypes of the Growth-Selected Lines of Quail
EB1 proteins have been identified in many organisms, from yeast to humans (Tirnauer and Bierer, 2000) . The budding yeast EB1 homolog BIM1p localizes at the plus ends of microtubules where it increases their dynamic instability (Tirnauer et al., 1999) , facilitates orientation of the spindle toward the bud site (Korinek et al., 2000; Lee et al., 2000) , and indirectly participates in a checkpoint delaying cytokinesis until mitotic exit (Muhua et al., 1998) . It plays a similar role in Drosophila (Lu et al., 2001; Rogers et al., 2002) . Interestingly, overexpression of Mal3, the fission yeast EB1 homolog, led to severe growth inhibition (Beinhauer et al., 1997) . In vertebrates, EB1 localizes to the growing (plus) ends of microtubules, and targets APC to the tips of microtubules (Mimori-Kiyosue et al., 2000a,b) . Although little is known about the function of EB1 proteins in vertebrates, it is noteworthy that quail EB1 mRNA expression was negatively correlated with BW. Perhaps higher expression in the L line leads to reduced numbers of proliferating precursor cells, thus yielding smaller animals. Conversely, the reduced levels of expression in C and L birds might give rise to larger animals by relaxing the growth inhibition of developing stem cells as suggested by the fact of EB1's widespread pattern of expression and that loss of heterozygosity and APC function via truncation of the C-terminal EB1 binding domain in mutants leads to tumor formation via uncontrolled cell replication (Kinzler et al., 1996; Polakis, 1997 ). Hence, EB1 may be one of many quantitative trait loci affecting BW in these lines. In summary, we have demonstrated that anonymous cDNA array analysis can be an effective tool to identify differentially expressed genes in growth-selected quail embryos. The use of anonymous libraries is advantageous for organisms that are not targeted for whole genome sequencing and lack large EST databases because only those clones that are differentially expressed need to be sequenced. As reported here, 3 clones out of 4,704 (0.06%) were identified in an initial screen of un-normalized whole embryo cDNA clones. Additional arrays printed with un-normalized and anonymous cDNA may be expected to yield one differentially expressed cDNA for every 1,500 random sequences, based on our limited findings. Normalizing the library would lead to the identification of a larger number of genes with altered expression by eliminating redundancy in the library. Also, other genes may be found by screening such arrays with other tissue-or stage-specific populations of RNA. Finally, with the release of the first draft of the chicken genome sequence, high-resolution gene-chip arrays will ultimately enable the identification of the collection of genes that have undergone changes in expression in growth-selected lines of poultry.
